In this review, we introduce a variety of surface sensitive techniques for the study of organic thin films, and applications to organic devices. These studies include surface plasmon emission light, organic thin film transistors, combination of quartz crystal microbalance and optical waveguide spectroscopy, evaluation of alignment of liquid crystal molecules at surfaces, and biosensor applications. key words: organic device, evanescent wave, surface plasmon, sensor
Introduction
Nowadays, studies in the area of organic/bio-electronics and photonics are of key importance to a number of applications. These include organic field effect transistors, organic lightemitting diodes, liquid crystal displays, biosensors and so forth. Many of these applications make use of the fact that organic/bio-devices are flexible, cost-effective, and ease in mass production.
Optical techniques such as surface plasmon resonance (SPR) spectroscopy, waveguide spectroscopy, or ellipsometry are well-established methods for the characterization of surfaces, interfaces, and thin films [1] . Surface plasmon optical techniques, in particular, use evanescent waves to probe thin films. This technique allows for the determination of optical constants and the thickness of layered systems.
In this review, our recent developments of surface sensitive optical techniques and organic device applications are overviewed. We introduce surface plasmon emission light, organic thin film transistors, combination of quartz crystal microbalance and optical waveguide spectroscopy, evaluation of alignment of liquid crystal molecules at surfaces, and biosensor applications.
Surface Plasmon Emission Light
Recently, we reported on surface plasmon (SP) emission light due to luminescent dye in SPR Kretschmann configuration [2] - [9] . This phenomena is based on SP excitation and should be promising for sensing and optical devices.
The measuring setup with prism/metal film/fluorescent dye film structure for the SPR and SP emission light is shown in Fig. 1 . P-polarized light is entered to the setup at incident angle θ i . Figure 2 shows the SP emission light spectra for BK-7 prism/Ag (50 nm)/rhodamine (RB) dye Langmuir-Blodgett (LB) film (10 layers, ca. 25 nm)/air structure. Ar + laser beam was entered to the sample at θ i = 180
• . The spectra strongly depend on the emission angles (θ e s), and the peak wavelength is positioned in the photoluminescence (PL) band of the RB dye. The mechanism of the emission light is estimated as follows. When the RB dyes are excited by Ar + laser beam, near-field of the dyes induces SP on the Ag film [3] . The SP has distributed angular frequencies of the PL region of the dyes. The SP energy is converted to far-field light by the prism coupling, and the light is emitted to the SP resonant angle which depends on the wavelength. The dispersion relation obtained from SPR and SP emission light corresponded well [2] . It supports that the emission light is induced by the SP ecitation. The SP excitation due to light incidence can be also induced by surface roughness, but contribution of excited dye is discussed here.
The separation between the metal film and dye molCopyright c 2011 The Institute of Electronics, Information and Communication Engineers ecule is important for the SP emission light pehnomena, and the optimal separation is ca. 25 nm was observed in metal/merocyanine LB film structure [3] . The strongest intensity of SP emission light should be observed at a slightly larger separation than the Förster radius, because of decays due to Förster's mechanism at the smaller separation, and due to near-field of excited molecule at the larger separation [4] . The SP emission light also depend on the molecular orientation [5] , [6] . Figure 3 shows the SP emission light properties from the thin films of aligned naphthacene which has a rod-like structure [5] . The thin films were prepard using vacuume evaporation and the rubbing method. The long axis of naphthacene molecule was estimated to align perpendicular to the rubbing direction, and the emission light properties depended on the molecular orientation.
Adsorption phenomena can be also estimated using the SP emission light [7] , [8] . Figure 4 shows the SP emission light properties for a film of polystyrene (PS) sphere and water soluble polymer [8] . Negatively charged PS sphere with fluorescent dye and positively charged poly (diallyldimethyl ammonium chloride) (PDADMAC) was alternately deposited by coulombic interaction. The peak an- gle shifted to higher angle and the peak intensity increased with the fluorescent film deposition. The SP emission light should be used for evaluation or sensing of fluorescent molecules [9] . SP emission light is promising for the conversion of conventional far-field light and SP should be applied to nano-optical circuits [10] and sensing.
Hybrid Sensor of Quartz Crystal Microbalance Method and Optical Waveguide Spectroscopy
The quartz crystal microbalance (QCM) is a useful method for detecting a mass change of deposited film and is widely used for thickness monitor. However, the optical and electric properties of the functional molecular film strongly depend on the molecular orientation and crystal structure, so that film evaluation is also important. We proposed a hybrid sensor of QCM method and optical waveguide (OWG) spectroscopy [11] , [12] . The device structure is shown in Fig. 5 . The slab or ridge waveguides of fluorinated polyimide were prepared on the QCM substrate. Laser beam or white light is entered to the waveguide, and the output light is monitored. When a colored film is deposited on the waveguide core, the evanescent wave of the guided light is absorbed many times, and the optical property of the film on the core can be sensitively evaluated by monitoring the output light.
Humidity sensings were carried out to verify the effectiveness of the sensor. Thin film of polyvinyl alcohol (PVA) with cobalt (II) chloride was deposited on the OWG core as the sensing layer. Figure 6 the responses of the QCM frequency and the output light intensity from the slab OWG of a hybrid sensor. The light intensity under dry N 2 was used as a reference and the light intensity is shown. The changes in the QCM frequency and the output light intensity from the OWG were observed with the introduction of wet N 2 gas, and both curves returned to their initial states with the introduction of dry N 2 gas. Intense output light was observed with exposure to wet N 2 gas because CoCl 2 is bleached by 6 The responses of output light intensity from the slab OWG and the QCM frequency against humidity change. A PVA:CoCl 2 film of 60 nm was prepared on the OWG using an aqueous solution of CoCl 2 (20 mg/ml) and PVA (5 mg/ml). Ref. [11] .
Fig. 7
Change of output light spectrum from the ridge OWG against humidity change. A PVA:CoCl 2 film of 340 nm was prepared on the OWG using an aqueous solution of CoCl 2 (30 mg/ml) and PVA (10 mg/ml). Ref. [12] . chromism with humidity sorption.
Slab waveguide is easy to make, but laser beam should be used because of the weak light confinement. Therefore, the hybrid sensor with ridge OWG was prepared and spectrum of the output light was observed for white light incidence. Figure 7 shows the output light spectra from the ridge OWG. The output light depended on the humidity, and the spectra almost corresponded to the chromism of CoCl 2 . The QCM frequency of the was also successfully monitored simultaneously.
Although only humidity has been monitored so far, this hybrid sensor can be applicable for detection of a variety of gases by adopting appropriate sensing films. Furthermore, some variations of the hybrid sensor [13] , [14] should be prepared, for example, an output light change due to surface plasmon resonance (SPR) can be monitored by deposition of metal thin film on the waveguide core [14] . The SPR method [15] is quite useful for evaluation of reflective index and/or thickness of the dielectric film. We believe this method is useful for evaluation of functional thin films and sensing.
Organic Thin Film Transistor with Charge Generation Layer
Organic field-effect transistors (OFETs) are attracting significant interest because of applications for various organic devices [16] . Device performances have been gradually improved in recent studies, but OFETs have lower field-effect mobility and lower conductivity than inorganic thin-film transistors.
We reported OFETs with a thin vanadium pentoxide (V 2 O 5 ) layer [17] - [20] . V 2 O 5 is known as a Lewis acid material, and luminance efficiency can be greatly improved by insertion of a Lewis-acid layer in organic light-emitting diodes (OLEDs) [21] . In the OLEDs, conventional emissive organic units are stacked with Lewis-acid films which works as charge generation layers (CGLs) in between. Pairs of holes and electrons are generated in CGL by applying an electric field and are injected into adjacent emissive organic units. Charge injection from V 2 O 5 to organic layers can also be expected in OFETs and can contribute to improving device performance.
Top contact transistors were prepared with copper phthalocyanine (CuPc, 70 nm)/V 2 O 5 (20 nm)/SiO 2 (100 nm)/ n-type Si substrate (n-Si) structure (device A) and V 2 O 5 (20 nm)/CuPc(70 nm)/SiO 2 (100 nm)/n-Si structure (device B). [17] - [19] . The gate electrode was prepared on the n-Si substrate, and the source and drain electrodes were deposited on CuPc for device A and on V 2 O 5 layer device B. The channel length L and channel width W are 15 μm and 0.15 cm, respectively. Figure 8 shows the source-drain current (I DS ) vs source-drain voltage (V DS ) characteristics for device A. Large on-currents were observed and the estimated mobility was 6.2 × 10 −4 cm 2 /(V·s); this value was approximately 3 times higher than that of OFETs with only CuPc layers. It is considered that the CT complex formed at the interface between the CuPc and V 2 O 5 layers because of the interaction between the molecules. The CT complex dissociates due to the electric field of the gate voltage, and the generated holes are injected to the CuPc layer and contribute to the increase of on-current.
Device B exhibits FET operation under positive V G polarity as shown in Fig. 9 and have a mobility of 3.6×10 The fabrication method used in this study is suitable for the fabrication of for various types of OFETs, including those fabricated using polymer materials [20] . Moreover, this method is expected to increase the mobility of OFETs fabricated using a highly crystalline material.
In-Situ Investigation of Tilt Angles of 5CB LC Molecules on SiO 2 Alignment Layer Using Surface Plasmon Resonance/Optical Waveguide Spectroscopy
Today, liquid crystal displays (LCDs) are widely prevalent because of the flat-panel type display, low weight, and low power consumption requirements. However, there are still some unsolved problems on LCDs [22] . For example, an image-sticking [23] occurs when a residual image is displayed as a result of continuous display of the same image for long periods of time. It is known that this is caused by a residual direct current (DC) voltage due to space-charge polarization, and an interaction between alignment layers and LC molecules near the interface [24] , [25] . Hence, a detailed evaluation of interfacial phenomenon are desired to understand how the space charge polarization affects to the alignment properties of LC molecules at the interface [26] , [27] . We have reported evaluations of tilt angles of LC molecules on Langmuir-Blodgett (LB) polyimide alignment layers by attenuated total reflection (ATR) method utilizing simultaneously excited surface plasmon resonance (SPR) and optical waveguide (OWG) spectroscopy [28] - [31] . In these studies, the detail of tilt angles of LC molecules from near the interface of LC and alignment layers to the middle of the cell was investigated. Herein, we report in-situ measurements of ATR properties utilizing SPR and OWG while applying DC and alternate current (AC) to LC cells in order to investigate the influence of space-charge polarization on the tilt angles of LC molecules. The LC cell with obliquely evaporated SiO 2 alignment layers was prepared and the 4-cyano-4'npentylbiphenyl (5CB) was used for the LC material. Furthermore, the frequency dependence of LC alignment properties were studied. Figure 10 shows the simultaneous surface plasmon resonance (SPR) and optical waveguide (OWG) spectroscopy set-up for the investigation of the LC cell. When the incident light is totally reflected, evanescent wave generates at the metal thin film/LC interface. When the wavenumber of the evanescent wave coincides with the SP wavenumber, SP is resonantly excited. The reflectivity is attenuated at the excitation angle of SPR. When the sample is thick enough such as LC layer in this experiment, waveguide propagates inside the sample at some incident angles [32] , [33] .
The SPR/OWG angular properties were measured at room temperature (RT) under AC voltage of 4 V at frequencies of 10 kHz, 1 kHz, and 100 kHz as shown in Fig. 11 . The SPR dip at around 66
• at 0 V shifted to a higher angle, and the intervals of OWG dips became larger at 4 V. These changes indicate an increase of real part of dielectric constant (ε r ) in z-direction, i.e. increase of the tilt angle of LC molecules. Furthermore, the depth of SPR dip at 4 V became shallower with the decrease of frequency. In general, this behavior indicates the increase of imaginary part of dielectric constant (ε i ) or the increase of the surface rough- 
ness.
To investigate the effect of impurity ions, the SPR kinetic properties were measured at fixed SPR dip angle (66 deg.) as shown in Fig. 12 . First, −4, −2, +4 or +6 V were applied for 30 min., and then the voltage was switched to +6, +4, 0, −2 or −4 V. For example, in the case of black curve, −4 V was initially applied for 30 min, and then the voltage was switched to +4 V. As shown in Fig. 12 , it is clear that the saturation time became longer with the increase of voltage difference between before and after switching the voltage. However, in the case of voltage switch from +6 to 0 V (blue dashed line), the saturation time is shorter as compared to same voltage difference i.e., from +2 to −4 V (green dashed line). This result might indicate that only relaxation process of space charge was involved at 0 V. On the other hand, in the case of the voltage switch from −2 to 4 V, it is expected that the change of polarity of the space charge was generated after switching the voltage, which involved the longer saturation time. In other cases, the saturation time was completely same for the same voltage differences. It is expected that the motion of the LC molecules at the surface is following process as schematically shown in the Fig. 12 (e.g. , in the case of −4 to +6 V): (a) 5CB molecules are almost horizontally orientated because of the electric double layer due to the space-charge existing at the interface at −4 V, (b) Localized space-charge near the electrode and electrode become same polarity at the moment of the switch from −4 to +6 V, and 5CB molecules rotate by the electric filed. At this point, the concentration of space-charge is still high. (c) Then, localized space-charges are drifted away from near the electrode and the interfacial electric field intensity becomes strongest. Hence, the amount of reflectivity change became highest due to the change of the tilt angle. (d) Subsequently, opposite charged space-charge migrate to the interface, and the tilt angle decrease with increase of the concentration of the charge. (e) Finally, 5CB molecules return to the initial orientated state again which is same as the state at 0 V. More detail of this property is well described in our previous report [31] .
Detection of Human IgG on Functionalized Conducting Polymer Thin Films by ElectrochemicalSurface Plasmon Resonance Spectroscopy
Biosensors based on conducting polymers were used to detect biomolecules including glucose, hormones, neurotransmitters, antibodies, and antigens [34] . In particular, polypyrrole and its derivatives containing the carboxylic group were studied for their immunosensor applications because biomolecules can be immobilized with a covalent binding method, which has received considerable attention owing to their advantages of good stability and high immobilization density [35] . Recently, the combination of surface plasmon resonance (SPR) and electrochemical measurement has been used for in situ real-time investigation of optical and electrical properties of conducting polymer films at solid/liquid interfaces [36] . Moreover, electrochemical-surface plasmon resonance (EC-SPR) spectroscopy has been applied for monitoring the interaction between biomolecules and electropolymerized conjugated polymer films in biosensor and immunosensor applications [37] . We report the construction of a poly(pyrrole-3-carboxylic acid) (PP3C)-based EC-SPR immunosensor for the detection of human immunoglobulin G (IgG) without using further label molecule. PP3C film was fabricated by electropolymerization of a pyrrole-3-carboxylic acid monomer on a gold-coated high-reflective-index glass slide. In situ EC-SPR spectroscopy was performed to study the kinetic property and electroactivity property of the deposited PP3C film. Moreover, Ultraviolet-visible (UVvis) measurement was employed to characterize the PP3C film. The EC-SPR immunosensor with the PP3C film was constructed using monoclonal anti-human IgG produced in mouse as a model analysis. The immunosensor electrode was used to probe the binding reaction of anti-human/human IgG with various concentrations of human IgG at different constant applied potentials. Figure 13 shows the real-time SPR kinetic curve during the construction of PP3C-based immunosensor. A phosphate buffered saline (PBS) solution (pH 7.4) was used to obtain the baseline of the SPR kinetic curve before the activation of the carboxylic group of PP3C with EDC/NHS. Following the injection of the mixture of EDC/NHS solution as a coupling reagent, SPR reflectivity increased, indicating the activation of carboxylic groups and the forma- Ref. [38] .
tion of a stable reactive intermediate, then the reflectivity decreased and became stable after rinsing with PBS. A solution of 100 μg/mL anti-human IgG was then injected to immobilize the activated surface. SPR reflectivity increased again owing to the amide bonding of anti-human IgG onto the activated surface. To block the remaining free binding sites, ethanolamine (EA)-HCl solution was used. After rinsing with PBS, a constant potential was applied for 1 min to obtain the baseline before adding human IgG. SPR reflectivity increased after the injection of human IgG, which is associated with the binding process of anti-human IgG and human IgG. Finally, SPR reflectivity decreased owing to some dissociation of IgG after the injection of PBS solution and remained stable. For the comparison of SPR reflectivity, the polypyrrole (PPy) film without the carboxylic group was also tested for the detection of human IgG under the same condition. In this case, no reflectivity increase was observed, indicating that the PP3C film is indeed useful for the immobilization of anti-human IgG.
First, the sensitivity signal of the PP3C-based immunosensor was compared with a mercaptoundecanoic acid (MUA)-based self-assembled monolayer-based immunosensor, which is a standard system, as shown in Fig. 14(a) . It was found that the SPR response during the binding process of anti-human IgG and human IgG on the PP3C film was greater than that of the standard MUA system, indicating that the PP3C film shows a higher efficiency for the detection of anti-human IgG-human IgG. Moreover, the detection sensitivity of the PP3C-based immunosensor is even better than that obtained in several previous studies if the systems were compared in the same range of the concentrations of the analyzed antibody [39] . To study the association and dissociation kinetics of the anti-human IgG and human IgG, the association and disso- ciation rate constants were obtained by fitting experimental SPR curves. The association curves could be fitted by using the following equation:
where R is the reflectivity response, R eq is the equilibrium reflectivity response at the target concentration, and k on and k off are the association and dissociation rate constants, respectively. With c = 0, the dissociation curves could be fitted by using the following equation:
k on and k off at different concentrations of the interaction of anti-human IgG-human IgG are shown in our previous paper [38] . The decrease in k on value with increasing concentration of human IgG indicates that the degree of association of human IgG with anti-human IgG increased.
Conclusions
In this review, we introduced our recent studies in the area of organic electronics and photonics, especially, surface sensitive techniques for the evaluation of organic thin films and their organic and bio-device applications. These included the property of surface plasmon (SP) emission light due to luminescent dye in SPR Kretschmann configuration, hybrid sensor of quartz crystal microbalance method and optical waveguide spectroscopy, organic thin film transistor with charge generation layer, evaluation technique for tilt angles of liquid crystal molecules near the surface using surface plasmon resonance/optical waveguide spectroscopy, and the detection of human IgG on functionalized conducting polymer thin films by electrochemical-surface plasmon resonance spectroscopy. The introduced method should provide new opportunities both for basic studies and for organic device applications.
